The hydrothermal formation of sodium hydroxyborate enclathrated sodalite synthesized from an initial ternary mixture of mullite, cristobalite and corundum has been investigated. Depending on temperature and pressure the compound Na7-5[AlSi04]6[B(0H)4]1.5 • 2 H 20 could be synthesized in form of polycrystalline powder as well as in form of single crystals. The kinetics of the sodalite growth could be determined at 423 K and 473 K. 29Si-and 27A1 MAS NMR was shown to be the preferred method to describe the conversion into sodalite quantitatively. Evidence for the first formation of polycrystalline sodalite has been found after the total dissolution of mullite and cristobalite.
Introduction
The aluminosilicate framework of the sodalite structure formed by the space-filling array of [4668] polyhedral cages, the so-called /?-cages, can be re garded as a nanoporous matrix with well defined openings for the enclathration of guest molecules. New promising applications of sodalites have recently been proposed on this basis. Their use as nanocom posites in nonlinear optics or for host matrices of semiconductor quantum superlattices (Stein et al. [1, 2] ) as well as for waste gas immobilisation (Buhl [3] ) should be mentioned here. Such utilizations require crystalline material of very high quality. The synthesis should lead to a product of a narrow crystal size dis tribution, to a framework topology of the crystals without stacking faults, and to a homogeneous distri bution of the guest molecules within the crystals. The quality of crystals in this sense already depends on the crystallization process in its very early stage. Buth with regards to this initial period of phase formation Reprint requests to Dr. J.-Ch. Buhl. many open questions exist, especially for the hy drothermal method of crystallization, which is the only suitable way to grow sodalites with temperaturesensitive templates.
To extend the knowledge on the formation of salt enclathrated sodalites we report here the results of large-scale investigations on the crystallization kinet ics and structure determination of sodium hydroxybo rate containing sodalite, a borate filled compound with interesting properties (Barrer and Freund [4] , Buhl et al. [5] ). Earlier investigations have already shown that the nucleation process of sodalite is highly influenced by the nature of the starting materials (Denk and Menzel [6] , Hayashi et al. [7] , Subotic et al. [8, 9] , Buhl et al. [10] ). For our experiments a mixture of three oxides, obtained by sintering from p.a. chem icals, has been used as an educt. It should be men tioned that instead of the most common educt kaolinite very pure chemicals must be used to improve the crystal quality.
The investigations on the crystallization kinetics as well as on the crystal structure of the hydroxyborate sodalite have been carried out by X-ray powder dif-0932-0784 / 94 / 1200-1171 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen fraction, simultaneous thermal analysis, IR-spectroscopy, 29Si-and 27A1-MAS NMR and single crystal X-ray diffraction.
Experimental
The hydrothermal syntheses of hydroxyborate so dalite were performed in 50 ml teflon coated steel au toclaves, filled with 2 g of a homogeneous mixture of 21wt% mullite (Al6Si20 13), 48 wt% cristobalite (Si02) and 31 wt% corundum (A120 3). This starting material could be obtained from y-Al20 3 (Merck 1095) and Si02 (Merck 657) mixed in a 1:1 molar ratio and heated for two hours at 1673 K. Together with 45 ml of an 8-molar NaOH solution (Merck 6495) an additional amount of 5.6 g of boric acid (Merck 765) has been added. The B(OH)4 anions were always obtained from B(OH)3 under the highly alkaline conditions used in the experiments (Ingri [11] ). Two reaction temperatures (423 K and 473 K) were selected to study the crystallization kinetics of hydroxyborate sodalite up to a reaction time of 96 h. All products were washed with 150 ml of distilled wa ter and dried for 24 h at 353 K. Subsequently the ob tained products were characterised by X-ray powder diffraction (Guinier-Jagodzinski camera, Cu-Ka radi ation, internal Si-standard), by simultaneous thermal analysis (Mettler Thermoanalyzer TA 146) and by IRspectroscopy (Perkin Elmer Spectrometer 683, using KBr-pellets). The crystal phases formed during syntheses were determined by X-ray powder diffraction. The filling of the sodalite cages with the guest species was checked by thermogravimetry in connection with IR-spectroscopy. The borate content of selected samples was analysed spectralphotometrically using the micro method described by Gupta and Boltz [12] .
A Bruker CXP-300 FT NM R spectrometer with a MAS-probehead has been used to obtain the 29Si-and 27A1 MAS NMR spectra of the reaction products. The 29Si MAS NMR spectra were recorded at 59.5 MHz using a single pulse sequence with 2-3 |is pulse dura tion and 3-7 s pulse delay and a spinning rate of 4 kHz. Chemical shifts were related to the tetramethylsilane standard. 27A1 MAS N M R spectra were obtained at a resonance frequency of 78.2 MHz, with 3.7-5 |is pulse duration and 5-10 s pulse delay and with 4.5-6 kHz spinning rate. A 1-molar solution of A1C13 has been taken as internal standard for chemi cal shifts.
Single crystal syntheses were carried out under tem perature and pressure conditions of 573 K and 0.1 GPa for 120 h in Bridgman steel autoclaves of 18 ml volume as described by Buhl et al. [5] . Silver liners 80 mm in length and 8 mm in diameter were filled with 50 mg of the sintered educt together with 280 mg of boric acid and 1 ml of an 8-molar NaOH solution. The autoclaves were heated in a vertical cylindrical furnace with 573 K at the bottom of the autoclave under a temperature gradient of 2 K/cm. The pressure of 0.1 GPa, estimated from the Kennedy diagram [13] , was controlled by the degree of the auto clave's filling.
A dodecahedral shaped crystal of 0.45 mm in di ameter was selected for the single crystal diffraction measurements with an ENRAF-NONIUS four circle diffractometer CAD 4. Precession photographs show reflections consistent with the space group symmetry P43n. The experimental details are summarized in Table 3 .
For all structural refinement calculations the pro gram SHELX [14] has been used. The atomic scatter ing factors for neutral atoms were taken from the International Tables [15] , whereas the initial posi tional parameters were chosen from the single crystal refinement of NaCl sodalite [16] .
Results
The products of synthesis, removed from the auto claves after different length of time up to 96 hours +10 (t0: time needed for heating up the autoclave to the reaction temperature) were obtained as white poly crystalline powders. The compositions as they were found by the analysis did not differ significantly from Na 7 Table 1 ; all the X-ray powder diagrams are well known from the literature (Buhl et al. [5] ; JCPDS [17] ). Besides remaining amounts of the initial sub stances, which decrease with increasing reaction time, sodalite is the one and only compound formed in the hydroxyborate system. Such a direct formation of sodalites from the educts is also observed for the sodalite synthesis from Zeolite A (Subotic et al. [8, 9] ) as well as from kaolinite (Buhl et al. [10] ); only in case of the synthesis of basic sodalite from gels (Hayashi et al. [7] ).
The crystallization of an intermediate phases has be come known.
From the results of the X-ray powder diffraction experiments in Table 1 the progress of the reactions can be estimated qualitatively. But it is not simply possible to receive the quantitative amounts of so dalite and the three initial compounds without very much effort to obtain accurate results.
Other attempts were made to use simultaneous thermal analysis for the qualitative and quantitative description of the crystallization process. Figure 1 shows the results of differential thermogravimetry (DTG) and differential thermoanalysis (DTA) for two selected products out of the series of experiments at 473 K. Only for reactions longer than 72 hours the behaviour during thermoanalysis corresponds with that of hydroxyborate sodalites as a single phase (Buhl and Luger [18] ). After shorter times as well as at lower temperatures thermal analysis cannot be used for get ting proper informations on the progress of the reac tion due to high amounts of water released from amorphous material as it is already known from the investigation of sodalite formation using kaolinite as starting material (Buhl et al. [10] ).
Besides X-ray powder diffraction, IR spectroscopy can also be used for the qualitative identification of the synthesized phases according to their characteris tic absorption bands. But the results from the IR mea surements clearly show that such a qualitative phase analysis is only possible for the nearly pure products obtained after the long time hydrothermal runs at 473 K. Because of various overlappings of characteris tic absorption bands of mullite, cristobalite, corun dum and sodalite mainly in the 1200 cm -1 -600 c m "1 range (Moenke [19] ) it is impossible to distinguish between these phases during stages of incomplete re action as shown in Figure 2 a. In contrast Fig. 2 [20] ) prepared as a sin gle phase at the elevated temperature. The enclathrated B(OH)4 anion can only be detected by its strong O H -vibration band at 3640 cm-1.
b shows clearly resolved T-O-T vibration bands of so dalite (Henderson and Taylor
MAS NMR of the 29Si and 27A1 nucleus has been proved to be a much better tool for phase analysis as well as for the quantitative determination of the reac tion progress (Buhl et al. [10] ). The 29Si and 27A1 MAS N M R spectra obtained from the products of syntheses at 423 K and 473 K are shown in Figs. 3 a and 3 b. The initially inserted substances and sodalite as the reac tion product can be clearly distinguished according to their different chemical shifts: cristobalite at < 5 iso29Si = -109 ppm (Mägi et al. [21] ; Smith et al. [22] ), mullite at < 5 iso29Si = -80 ppm and -95 ppm and hydroxyborate sodalite at < 5 iso29Si = -88.5 ppm (Buhl et al. [10] ) and diso27Al = 63.4 ppm, corundum and mullite at < 5 iso27Al = 10.1 ppm (Jacobson et al. [23] ). Taking into account the qualitative results of the X-ay phase analysis the sodalite formation from the mixed oxides can be easily obtained quantitatively by peak integra tion from the 27A1 MAS NMR signals. The results are summarized in Table 2 . The conversion of phases ob tained for the synthesis at 423 K show a remarkable low reaction rate as compared with the sodalite crys tallization from other initial compounds like zeolite A (Subotic et al. [8, 9] ) or kaolinite (Buhl et al. [10] ). Whereas 100% conversion to sodalite could already be obtained after 24 h using the single phase educts zeolite A and kaolinite even at 353 K, 96h+ r0 at 423 K gave only 49% of sodalite from the ternary mixture of oxides; 100% conversion could only be obtained after 96 h +10 at the higher temperature of 473 K. It can be seen from both the 29Si and 27A1 NMR spectra that there are suspicious differences in the hydrothermal solubility of slightly soluble corun dum on the one hand and easily but likely soluble cristobalite and mullite on the other hand. The first formation of polycrystalline sodalite becomes obvious after the total dissolution of mullite and cristobalite.
The strong peak of the 29Si NM R spectra of all synthesized sodalites clearly indicates the alternating ordering of Si and Al atoms in the overwhelming part of the sodalite framework (Si [4 Al] units) and a Si/Al ratio close to one. There is, however, another very weak peak at -93.5 ppm in the spectra, which has to be assigned to Si(3Al) units indicating the replace ment of a very small amount of Al atoms by Si atoms. In this respect 29Si MAS NMR spectroscopy is a much more sensitive method than the above men tioned chemical analysis.
The single crystals of hydroxyborate sodalite grown at higher temperature and pressure have the same chemical composition Na7
•2 H 20, the same lattice constant (a0 = 9.024(1)Ä) and the same strong Si, Al-order as the material syn thesized in the form of powders. Structure determina tion and refinement with these single crystals therefore can answer the open question, how the B(OH)4 '-tetrahedra are arranged inside the sodalite's 0-cages. As already mentioned above, structural refinement in the space group P43n started with the atomic coordinates of NaCl-sodalite but replacing the Cl-in the centre of the 0-cages by boron. The boron is surrounded by the four oxygen atoms of the OH "-groups distributed on the 24-fold general position (24 i) in the sense of posi tional disorder. In addition, four nearly independent positions for the sodium cations were found on the diagonals of the cubic cell (each on 8 e in P43n) close to the six-membered rings of the 0-cages. These split positions of different occupancy as well as the defi ciency of sodium ions (7.5 N a+ per unit cell) can be explained as a result of [Na4 • B(OH)4]3 + and [Na3 • (H20 )4]3+ cage fillings randomly distributed in the crystals and a deviation of the tetrahedral hy droxyborate groups from cubic orientation, breaking the point symmetry 23 in the centre of the cages. Ori entational disorder of these anionic groups, tanta mount to the positional disorder of the appropriate oxygen atoms, lead to the high symmetry P43n of the average structure.
The refinement converged at i?w = 0.026, but de spite the goodnes of fit between the calculated and the observed structure factors the interatomic distances and angles of the imbibed guest anions showed major deviations from the geometry of this group in solid NaB(OH)4 (B-O-distance: 1.472 Ä, Ketterer [24] ). Because of these deviations the single tetrahedral hy droxyborate group and its orientation could not be recognized. Thus, for a better determination of the guest anions within the sodalite cages an extended refinement using constraints for the bond distances and angles of the hydroxyborate group was carried out. Considering B(OH)4 as a "rigid body" with reg ular geometry as found in solid NaB(OH)4, the cor rect position of this group inside the sodalite cages could be discovered.
The final atomic parameters including positions, site occupancies and isotropic temperature coeffi cients of this "rigid-body" refinement are given in Table 4 Selected interatomic distances and bond angles are summarized in Table 5 . The framework of hydroxybo rate sodalite consists of completely ordered A104 and Si04 tetrahedra with a Si-O-Al angle of 144.1(1)° and a Si/Al ratio of 1.0. This angle as well as the lattice constant is in good agreement with corresponding values obtained from the correlation function with the 29Si MAS N M R chemical shift (Engelhardt et al. [25] ).
The position of the hydroxyborate anion within the tetrahedral arrangement of the sodium cations in each sodalite cage is shown in Fig. 4 (the non-equivalent split positions of the sodium cations are neglected in this figure). One out of the four oxygen atoms of the hydroxyborate group is positioned near the centre of a face of the sodium tetrahedron, whereas the three remaining oxygen atoms are near to the middle of its edges. Further experiments like neutron diffraction and scattering are necessary to find the hydrogen po sitions and to clarify the transition from static to dy namic orientation of the B(OH)4-tetrahedron.
For the imbibed water molecules only the average positions were found, which agree with the coordi nates in pure hydrosodalite (Felsche et al. [26] ).
